In rapid progress of fiber-optic communication systems, variable optical devices are required. This paper reports recent trends of variable optical attenuators, tilt equalizers and optical switches, based on the Faraday effect. Progress of fast response in variable optical attenuators is also described.
Introduction
With the proliferation of Internet communications, the amount of data transmission through networks is rapidly surging. To support the expanding data transmission, fiber-optic communication systems make good use of magneto-optical devices operating on the principle of Faraday effect.
Magneto-optical devices can be classified into two groups; one characterized by a fixed Faraday rotation angle and the other by variable Faraday rotation angles.
The first type applies a constant bias magnetic field to Faraday elements in order to take advantage of the non-reciprocity of Faraday effect. Optical isolators and optical circulators are two popular members of this group. In the second group, the magnetic field applied to Faraday elements is modified to change the direction of light polarization so that varied optical characteristics can be obtained from the same device. Included in this group are variable optical attenuators (VOAs) and tilt equalizers both capable of changing the amount of optical attenuation, and also optical switches capable of shifting the direction of optical transmission. This paper introduces variable optical devices currently in use for fiber-optic communication.
Variable optical devices
Variable optical devices which can be divided into different groups according to their adopted principles such as electro-optical effect, magneto-optical effect, thermo-optical effect, liquid crystal and mechanical principle. Of these groups, variable magneto-optical devices have the following features: 1) Their response time is on order of sub-millisecond, thus faster than thermo-optical, liquid crystal and mechanical devices although slower than electro-optical devices. 2) Variable magneto-optical devices offer superb reliability because they, unlike mechanical devices, dispense with movable parts and because they are packaged by the same well-established mounting technology as that used for optical isolators.
Variable optical attenuators
VOAs continuously vary the transmittance of light in response to electric signals. As an example of their applications, a variable optical attenuator is incorporated in erbium-doped fiber amplifiers (EDFAs) for wavelength division multiplexing (WDM) systems to perform gain tilt control ( Fig. 1) 1) .
The EDFA's gain dependence on wavelength generally varies according to the amount of gain. Consequently, a two-stage amplifier of EDFA was adopted to keep the amount of gain constant so that the overall wavelength characteristic would be flat. Since the optical output power varies according to optical input power variation in a simple two-stage amplifier, a VOA is incorporated to control the optical output power.
As another example of applications, VOAs are employed to equalize optical power between all channels in Optical add-drop multiplexers (Fig. 2) . The composition of a VOA is schematized in Fig. 3 2). This attenuator is similar to an in-line optical isolator 3) in that they both have a Faraday rotator sandwiched between two birefringent wedges (rutile single crystals), but they differ in that the VOA's Faraday rotator is variable.
In a VOA, a light beam passing through the first lens and birefringent wedge is refracted into an ordinary ray and an extra-ordinary ray; then, the two divided rays were rotated through the Faraday rotator by a rotation angle of 
Optical Switches
Bypass systems are usually constructed to increase the reliability of long-haul fiber-optic communication. A response time on order of millisecond is considered sufficient for shifting optical transmission routes, and mechanical switches (1x2, 2x2, 1xN) for driving fibers and mirrors are chiefly employed. On the other hand, due to their faster responses, latching characteristics and use of no movable parts, magneto-optical switches are most often incorporated in those bypass systems requiring particularly high reliability.
Optical switches perform the switching of light transmission by reversing the direction of a magnetic field applied to a LPE film in the direction of light by using an electromagnet. To reduce power consumption, a material with a low saturation magnetization value is employed for the LPE film as in the case of VOAs. A semi-hard magnetic material is used for the yoke of the electromagnet. Consequently, the LPE film is constantly saturated by the magnetic hysteresis of the yoke material even when there is no current 9). The latching function of optical switches is thus ensured at all time. The typical characteristics of optical switches are given in Table 2 , and the appearance of an optical switch is shown in Fig.  12. 
Summary
Optical attenuators, tilt-equalizers and optical switches for fiber-optic communications, in which Faraday rotation is controlled by regulating the magnetic field applied to the Faraday rotator, were introduced briefly. Due to their advantages such as faster responses and more sophisticated functions, these variable devices are already indispensable and will certainly become even more important for the further advancement of fiber-optic communication systems. 
